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ABSTRACT 
Phenotypic correlations between juvenile-maturc wood density and growth were examined based 
on increment corc samplcs from two plantations, a provcnancc test and a commercial plantation, of 
black sprucc [Picerr murianu (Mill.) B.S.P.]. The ring density componcnts arc significantly correlated 
to their respective ring width components: earlywood and ring dcnsities are negatively correlatcd to 
ring and carlywood widths, respectively, whilc ring and latewood densities arc positively correlated 
to latcwood width. Thesc hold truc in both juvenile and mature wood. Howevcr, the correlation 
between rmg width and ring density decreases with increasing age. This suggcsts that the correlation 
between viood density and growth rate tends to lessen as the trec ages. For each character, the cor- 
relation brtween juvcnile and mature wood is significant but moderate. Thus, juvenile wood characters 
arc only indicativc of maturc wood oncs. On thc other hand, trecs with 12 growth rings from the pith 
wcrc gootl predictors of wood density ant1 radial growth of the whole tree. Individual growth rings 
from the juvenile-mature wood transition zone can be used to predict to some extcnt the wood density 
of either rnature wood or the whole tree. 
Keywords: Black spruce, juvcnilc wood, mature wood, ring density, ring width 
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INTRODUCTION AND BACKGROUND 
With the evolution in forest management to- 
ward shorter rotations and the use of geneti- 
cally improved planting stocks for growth and 
volume, wood quality has become a major 
concern in the forest products industry (Bendt- 
sen 1978; Kellogg 1989; Vargas-Hernandez 
and Adams 1992; Zhang 1994; Zhang et al. 
1996). Faced with this trend, tree breeders 
have realized that wood quantity and quality 
cannot be treated as independent factors and 
that wood quality traits should be incorporated 
into any tree breeding programs where wood 
is to be the end product (Keith and Kellogg 
1986; Zobel and van Buijtenen 1989; Mag- 
nussen and Keith 1990). To implement this 
strategy and obtain optimal gains, it is essen- 
tial to study the relationship between growth 
traits and wood density and other quality 
traits. 
The relationship between growth rate and 
wood density has been studied intensively, but 
is rather controversial. Hence, some research- 
ers have reported that in conifers, there is little 
relationship between ring width and wood 
density (Zobel anti van Buijtenen 1989; Zobel 
and Jett 1995). However, others have stated 
that accelerated growth reduces wood density, 
especially in conifers other than hard pines 
(Zobel and van Buijtenen 1989). For spruces, 
many studies (Keith 1961 ; Olesen 1976; Beau- 
lieu and Corriveau 1985; Corriveau et al. 
1987, 1990, 199 1 ; Rozenberg and Cahalan 
1997) have also reported negative relation- 
ships between growth rate and wood density. 
In black spruce, the relationship is still contra- 
dictory. On one hand, Risi and Zeller (1960) 
showed that ring width and wood density of 
mature trees were not correlated. In New- 
foundland mature stands, the relationship be- 
tween growth rate and wood density was weak 
and dependent on location and environmental 
factors (Hall 1984). On the other hand, Boyle 
et al. (1987) found a negative correlation of 
wood density with both the tree height and the 
tree diameter in 15-yr-old trees. In addition, 
Zhang et al. (1  996) reported that wood density 
was negatively related to growth rate in ju- 
venile wood for a 15-yr-old plantation. Zhang 
(1995) recently examined the relationship of 
growth rate to wood density and mechanical 
properties in 16 mature tree species belonging 
to 4 distinct wood categories and reported neg- 
ative correlations for softwoods. For planta- 
tion-grown white spruce, mature trees with 
high ring width led to low density, high ju- 
venile wood content, and low strength prop- 
erties, while trees with high ring density and 
moderate or slow growth rate led to satisfac- 
tory strength properties (Zhou and Smith 
1991). From these results, relationship of 
growth rate to wood density in black spruce 
seems to be age-dependent. The negative re- 
lationship is statistically significant in young 
trees (Boyle et al. 1987; Zhang et al. 1996) 
but not significant in mature trees (Risi and 
Zeller 1960; Hall 1984). However, there is no 
information available on the evolution of this 
relationship with tree age. 
Breeding programs usually take many years 
to complete every cycle. As a result, a selec- 
tion at an early age would reduce the length 
of breeding cycle and be cost-effective. In 
fact, the age of selection, to a large extent, 
determines the length of breeding cycle and 
the amount of genetic gain that can be 
achieved per unit of time (Lambeth 1980; 
McKeand 1988). To pursue selection at an ear- 
ly age, it is important to understand the rela- 
tionships between juvenile and mature wood 
at both genetic and phenotypic levels. Deter- 
mining the extent of any relationship between 
juvenile and mature wood properties and be- 
tween juvenile wood and values for the whole 
tree is of great interest and utility for breeding 
purposes (Zobel and Sprague 1998). In white 
spruce, Corriveau et al. (1987) reported mod- 
erately positive correlations (both phenotypic 
and genetic) between juvenile density and ma- 
ture wood density. Since genetic correlations 
were of the same order and sign as the phe- 
notypic correlations, they concluded that mass 
selection could be made at a younger age for 
genetic improvement of wood density or wood 
mass production in the species. In Norway 
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spruce, Nepveu and Birot (1979) reported high 
simple and canonical correlations of juvenile 
wood density and growth with mature wood 
density and growth. Blouin et al. (1994) re- 
ported that mature and juvenile wood densities 
were highly correlated in the same species. 
The available information on the juvenile-ma- 
ture wood relationships in pines was summa- 
rized by Zobel and Sprague (1998). 
The juvenile-mature wood relationships are 
important not only for tree breeding purposes 
but also for end-use purposes. For the end us- 
ers, the relationships between juvenile wood 
properties and those of whole trees are even 
more important than juvenile-mature wood re- 
lationships. Such relationships are needed for 
an early assessment of wood available at har- 
vest time (Zobel and Sprague 1998). 
This study was initiated to examine the phe- 
notypic relationships between juvenile and 
mature wood characteristics in black spruce 
[Picea rnariatza (Mill.) B.S.P.], the most im- 
portant commercial species in eastern Canada. 
Specifically, the objectives of this study were 
to: 1) examine the extent of phenotypic cor- 
relations among some intra-ring characteristics 
within and between juvenile and mature wood 
zones; 2) determine the age upon which ma- 
ture wood density and growth rate could be 
predicted; and 3) evaluate the possibility of 
predicting total wood density from individual 
rings. Since there was no family structure for 
the plantations sampled, this study examined 
only phenotypic correlations. 
nual precipitation is 910 rnm and the average 
annual temperature is 3.5'C. The length of the 
growing season varies from 170 to 180 days. 
The soil is deep alluvial sand. Moreover, at the 
end of the 1996 growing season, 944 trees 
were sampled from a 50-yr-old black spruce 
commercial plantation in Victoriaville (lat. 
46'01 'N, long. 72'33'W, alt. 90 m). The initial 
spacing for the plantation was 2 ni X 2 im. 
The average annual precipitation in Victoria- 
ville is 1,000 mm, and the average annual tem- 
perature is 4.5'C. The length of the growing 
season varies from 180 to 190 days. 
From a constant compass direction, an in- 
crement core (6 mm in diameter) was taken at 
breast height from each tree selected in both 
plantations. All increment cores were wrapped 
in plastic bags and kept frozen until the sam- 
ple preparation. The core samples were sawn 
to a 1.57-mm thickness longitudinally. The 
strips were then extracted with cyclohexane/ 
ethanol solution 2 :  1 (vlv) for 24 h and wi~th 
distilled water for another 24 h. X-ray densi- 
tometry was used to measure wood density. 
After conditioning, rings from the pith to the 
bark were scanned in the air-dry condition. 
Data on earlywood density (EWD), latewood 
density (LWD), and ring density (RD) of in- 
dividual rings were obtained based on the in- 
tra-ring microdensitometric profiles. The same 
profiles served for determining earlywood 
width (EWW), latewood width (LWW), and 
ring width (RW) of individual rings. The 
boundaries delimiting earlywood and late- 
wood (540 kglm') and between the end of the 
MATERIALS A N D  METHODS 
latewood zone of a ring and the beginning of 
the earlywood of the following ring (450 k:g/ 
A provenance test was established in 1974 m3) were determined experimentally by uln- 
using a randomized complete 6-block design dertaking preliminary analyses of some ring 
with 16-tree (4 X 4) square plots on 6 different density profiles of a subsample of cores. Dur- 
sites distributed throughout the province of ing the scanning, precautions were taken to 
Quebec. Each square plot had trees spaced at eliminate incomplete or false rings, and rings 
2.5 m X 3 m (Beaulieu et al. 1989). At the with com~ression wood or branch tracers. The 
end of the 1!)95 growing season, 86 prove- averages for each parameter were weighted on 
nances and 12 trees per provenance from 3 the basis of ring area. The latewood percemt- 
blocks were sampled in the test site located at age (LWP) was calculated as the ratio of la-te- 
Mont-Laurier (lat. 46'36'N, long. 75'48'W, wood width to ring width. 
alt. 300 m). In this location, the average an- The normality of the experimental data was 
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TABLE 1. Descriptive ,stutistic.s~~r the Mont-Luurier provenance test and the Victoriaville c.ommercia1 plantation. 
I'lantat~on RII (kp/m3) l iWD (kglrn') LWD (kg/nr3) RW ( m m l  EWW ( m m )  LWW ( m m )  LWP (C/o1 
Mont-Laurier? 
Avcraget 443 396 609 3.36 2.6 0.76 23.1 
SD 37 2.7 24 0.63 0.63 0.26 7.9 
CV (%) 8.4 6.8 4 18.7 24.2 34.2 34.2 
Ahbreviatlon,: RD. rlng denai~y. EWD, rarlywood dcnalty: LWD, latewood dcnrnty: RW. rtng wldth: EWW. earlymood wtdth: LWW. latrwood width; LWP. 
latewood proponlon: SD. ~tandard dexriatiun: CV. corl'ficient nl vartataon 
i Whole dlsc average 
i Average, are welghted on ring area. 
1 :  Averagec of the first IS rlngc.. 
verified using the Wilk-Shapiro test (SAS 
1988a). Correlation and regression analyses 
were conducted on the data using CORR and 
REG SAS procedures (SAS 1988b). Because 
of the large sample size, a conservative sig- 
nificance level (a == 0.01) was set a priori for 
declaring results significant. Furthermore, a 
Bonferroni correction was applied to the sig- 
nificance level for talung account of the nu- 
merous simultaneous tests (Neter et al. 1985). 
Another set of analyses based on tree means 
was conducted to see how well average mature 
wood density (MWD) could be predicted from 
juvenile wood characters using stepwise re- 
gression analysis (SAS 1988b). The significant 
level for entry and staying in the model for 
any juvenile wood property was specified as 
a = 0.01. 
RESULTS AND DISCUSSION 
The average wood density for the prove- 
nance test (443 kg/m3) was similar to that of 
the commercial plantation (441 kg/&) despite 
differences in age (Table 1). Trees grown in 
these plantations had higher average wood 
density than that reported by Zhang and Mor- 
genstern (1996) for a black spruce family test 
in New Brunswick (399 kg/m3). As shown in 
Table 1, earlywootl density for the provenance 
test was higher than that of the commercial 
plantation while the latewood density was 
lower. Even when both plantations were com- 
pared at the same age,2 the weighted averages 
for earlywood and latewood densities were 
still statistically different (P < 0.01). The av- 
erage ring, earlywood, and latewood widths 
for the provenance test were higher than those 
of the commercial plantation (Table 1). This is 
likely due to the age differences between both 
plantations: at the same age, the ring, early- 
wood, and latewood widths of both plantations 
were comparable. 
Correlation among traits 
For both plantations, ring density was pos- 
itively correlated with earlywood arid late- 
wood densities (Table 2) and in both cases, the 
correlation between ring density and early- 
wood density was higher than between ring 
density and latewood density. Trees from the 
Victoriaville plantation with high earlywood 
density showed a tendency to exhibit high 
latewood density in the juvenile wood, where- 
as this relationship was not observed in mature 
wood (Table 3). On the other hand, ring den- 
' Means for the trccs in thc Victoriaville plantation were 
computed for the first 15 annual rings. 
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TABLE 2. Correlation coejficients betwrm all possible pairs of' intra-ring traits ,for the two plantations. Upper part, 
Vicroriaville commerc.ial plantation; lower part, Mont-Laurier provenance rest. 
RD EWD LWI) RW BWW LWW I.WP 
Ring density (RD) 0.87** 0.58** -0.29** -0.59** 0.73** 0.93** 
Earlywood density (EWD) 0.9 1 ** 0.28** -0.18** -0.46** 0.67** 0.68** 
Latewood density (1,WD) 0.54** 0.43** -0.24** -0.39** 0.37** 0.50** 
Ring width (RW) -0.44** -0.27** -0.42** 0.95** 0.14** - 0.53** 
Earlywood width (EWW) 0 .66**  -0.43** -0.37** 0.91** -0.18** --0.75** 
Latewood width (L\YW) 0.69** 0.51** 0.43** 0.19** -0.21** 0.7 1 ** 
Latewood proportion (LWP) 0.88** 0.77** 0.48** -0.35"" -0.68** 0.83** 
** Significant al n = 0.01 after a Bonfcrron! corrcctlon. Hcncr, a P-value must be lowcr than or equal to 0.01/?1 = 0.00048 to he declared signlfiranf. 
sity was strongly correlated with latewood 
proportion in both juvenile and mature wood 
(Table 3). Thus, latewood proportion and ear- 
lywood density seem more important in deter- 
mining overall wood density than latewood 
density. As shown in Fig. 1, the correlation 
between ring density and latewood proportion 
was almost constant (about 0.83) over the tree 
age. However, the correlation between ring 
density and earlywood density decreased con- 
sistently with age. Thus, latewood proportion 
seemed more important than earlywood den- 
sity in determining mature wood density. 
This study also disclosed a negative rela- 
tionship between growth rate and wood den- 
sity in black spruce at the phenotypic level 
(Tables 2 and 13). Indeed, the correlation be- 
tween ring density and ring width was nega- 
tive and statistically significant. Earlywood 
density was also negatively correlated with 
both ring width and earlywood width. But it 
was different for latewood, as the correlation 
between latewood density and latewood width 
is positive. These observations were in agree- 
ment with previous results (Zhang et al. 1996: 
Zhang 1998). Selection for high latewood. 
width might have a positive effect on both, 
wood density and tree growth because late-. 
wood width is positively correlated with ring 
density and ring width. These relationships re-. 
main to be confirmed at the genetic level. 
However, both genetic and phenotypic corre-. 
lations between wood density and growth in 
black spruce were reported to be of the same 
order and sign in another study carried out on 
different sites (Zhang et al. 1996; Zhang and 
Morgenstern 1996). 
The correlations of ring density with both 
ring and earlywood widths were weaker in 
mature wood (Table 3). This suggests that the 
negative effect of high radial growth on wood 
density decreases when the wood reaches ma- 
turity. The negative correlation was no longer 
statistically significant after 25 years of age 
(Fig. 2). These results were similar to those 
reported by Keith (1961), where a reduction 
in the correlation between growth rate and 
TABLE 3. Correlation coefficients between the diflerent traitsfor the juvenile (upper) and mature (louler) ~ ~ o o d  in the 
Victoriaville cntnrnercial plantation. 
RD b WD LWL) RW EWW LWW LWP 
- 
Ring density (RD) 0.86** 0.59** -0.33** -0.53** 0.44** 0.9 1 ** 
Earlywood density (EWD) 0.78** 0.3 1 ** -0.3 1 ** -0.42** 0.25** 0.61 ** 
Latewood density I LWD) 0.47** -0.01 n.s. 0. IS** 0.02 n.s. 0.40** 0.50** 
Ring width (RW) -0.44** -0.26** -0.29** 0.95** 0.13** -0.49** 
Earlywood width (EWW) -0.67** -0.42** -0.41** 0.96** -0.20** -0.74** 
Latewood width (L.WW) 0.71 ** 0.50** 0.39** 0.55** 0.32** 0.77** 
Latewood proportion (LWP) 0.86** 0.65** 0.21 ** -0.52** -0.69** 0.34** 
** Slgnlficant at u = 0 01 after a Bonterron~ correction. Hence. a P-value must he lower than or cqual to 0.01/?1 = 0.00048 to he drclarcd s~gniticanl 
n.5 = not 51gnificant 
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+ RDvs LWP 
=l 
-t RDvs EWD 
Cambial age (years) 
FIG. I .  Correlation of ring wood density (RD) with 
latewood proportion (LWP) and carlywood density 
(EWD) over trce age in the Victoriaville plantation. 
wood density in mature wood of white spruce 
[Picea glauca (Moench.) Voss] was observed. 
The negative relationship between ring 
width and ring density, although significant, 
was only moderate (Tables 2 and 3). Thus, it 
seems possible to identify some provenances 
or individuals that not only grow fast but also 
maintain high wood density, as was previously 
reported for white spruce by Corriveau et al. 
(1990). For example, at the Mont-Laurier site, 
provenance 323 was among the provenances 
that showed the highest growth rates (Beaulieu 
et al. 1989). This provenance still grew rapidly 
and its density (458 kg/mi) was well above the 
average of all provenances (443 kg/m3). Thus, 
it could be recommended for both fast growth 
and high wood density. On the other hand, 
provenance 437 was among the slow-growing 
provenances (Beaulieu et al. 1989). Its density 
(410 kg/m3) was also below the average of all 
provenances. Consequently, this provenance 
could be not recommended for either fast 
growth or high wood density. 
The effect of growth rate on wood density 
has also been studied within provenances (Ta- 
ble 4). A negative correlation between ring 
width and growth rate was observed for most 
provenances. A positive correlation, however, 
+ V~ctorlaville plantation 
-t Mont-Laurter Provenance test 
0 O" I h 
Camb~al age (years) 
FIG. 2. Correlation bctween ring dcnsity with ring 
width over tree age in thc Victoriaville plantation and 
Mont-Laurier provenance test. 
was recorded for some provenances. These re- 
sults suggest that it would be possible to iden- 
tify some individuals within provenances that 
not only grow fast but also maintain high 
wood density, as was previously reported for 
white spruce (Corriveau et al. 1990). 
Juvenile-mature wood relationships 
Juvenile-mature wood correlations were 
studied for all measured traits (Table 5). Cor- 
relations between juvenile (rings 1-12) and 
mature wood (rings 18-30) traits were signif- 
icant (P < 0.01) but moderate. Thus, the val- 
ues of juvenile wood for these traits seem to 
be only indicative of those of mature wood. 
The highest correlation coefficients between 
mature and juvenile traits were found for ring 
density, earlywood density, and latewood pro- 
portion. This suggests that trees producing 
high wood density or latewood proportion dur- 
ing the juvenile phase continue to do so during 
the mature wood period. For each trait, the 
juvenile wood values explained from 30% to 
46% of the variances in mature wood values. 
These results were concordant with previous 
reports on Douglas-fir (Pseudotsuga menziesii 
(Mirb.) Franco) (Abdel-Gadir et al. 1993; Kel- 
ler and Thoby 1977), Norway spruce (Picea 
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T ~ l 3 1 . h  4. Correlation c.oefJ;cietzts (r) between average ring density and total ring width based on tree ut3erages ir~ 
(,c1(./1 ~ ) Y ) L ' ( , I ~ ( I I I ( Y ,  of the Mont-Lauriur sire. 
I'!o\c~larrcc , Provcnancc r Provenance I 
Value\ In parcnlhc\e\ arc P-valucc for the hypothcsls tests that the comelatlon coefficient = 0 
abies (L.) Karst.) (Nepveu and Birot 1979; (JRD), juvenile earlywood width (JEWW), 
Blouin et al. 15)94), 2nd white spruce (Corri- and juvenile latewood width (JLWW) were 
veau et al. 198'7). significant in predicting mature wood density 
The results of the stepwise regression anal- (MWD). The best fitted response function was 
ysis showed that only juvenile ring density (Eq. 1): 
TAHLI: 5. Correl~rior~s amorzg possible pairs of intra-ring characteristics between juvenile (rings 1-12) and mature 
(ring" 18-30) wood in the Victoriuville plantation. 
Mature wood 
Juvrnlle mood KL) kWL> LWT) RW h WW LWW LWP 
Ring density (RD) 0.68** 0.53** 0.36** -0.21** -0.36** 0.34** 0.60** 
Earlywood density (EWD) 0.64** 0.62** 0.25** -0.15** -0.27** 0.33** 0.50** 
Latewood density (LWD) 0.42** 0.18** 0.49** -0.14** -0.23** 0.18** 0.32** 
King width (RW) -0.26** -0.19** -0.02 n.s. 0.39** 0.4 1 ** 0.13** -0.32** 
Earlywood width (EWW) -0.40** -0.28** -0.13** 0.37** 0.44** -0.01 n.s. -0.44** 
Latcwood width (LWW) 0.44** 0.26** 0.34** 0.04 n.s. 0.09 n.s. 0.44** 0.37** 
Latewood proportic~n (LWP) 0.56** 0.37** 0.30** -0.21** -0.34** 0.30** 0.55** 
'* S~gncflc,~nt '11 rr = 0 01 afL~. a Ronrcrron~ col-l-cclion. Hcncc, a P-valur must he lower than or equal to 0.01/49 = 0.0002 to he declared 5ignificant. 
n \ = not itgnltic;lnt to 99% prohahil~ty level 
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MWD = (-68 2 28) + (1.17 2 0.06)JRD 
Latewood proportion, ring width, and ear- 
lywood density were excluded from the model 
because they were highly correlated with the 
entering variables. From Mallow's Cp statistic 
(Cp = 3.48), the multiple regression model 
found had a small mean squares error with no 
indication of bias in the model (Neter et al. 
1985). This analysis showed that juvenile ring 
density, earlywood width, and latewood width 
explained 49% of the variation in mature 
wood density. Although this result confirmed 
some potential value of juvenile wood char- 
acters in predicting the phenotypic value of 
mature wood density in black spruce, more 
than 50% of mature wood density was still not 
explained. Thus, care should be taken in pre- 
dicting mature wood density from juvenile 
traits, especially for further genetic selection. 
In order to make an early selection, the use of 
other alternative methods such as marker-aid- 
ed selection based on DNA markers should be 
investigated (Strauss et al. 1992). 
Minimum age to predict wood density and 
rudial growth 
While the correlations between juvenile and 
mature wood traits were moderate and highly 
significant, it is most important to determine 
the earliest age ;at which the mature wood 
traits could be predicted satisfactorily. For ex- 
ample, selection for wood density would be 
efficient from 7 yr of age in coastal Douglas- 
fir (Vargas-Hernandez and Adams 1992). In 
Norway spruce, Nepveu and Birot (1979) 
showed that annual rings 5 to 12 could be used 
to predict mature wood density. In the present 
study, we examined the relationship between 
the tree average density at different ages from 
3 to 30 and the whole tree average (Fig. 3). 
The linear relationship was weak at early ages. 
This indicates that wood density of very 
young trees is not a reliable predictor for wood 
density at later ages. However, the correlation 
0 7 14 21 28 35 
Carnb~al age (years) 
FIG. 3. Correlation of weightcd average ring density at 
different ages with weighted avcrage densities of the whole 
trcc and mature wood in the Victoriavillc plantation. 
increased with tree age, then leveled off be- 
yond the twelfth annual ring. This suggests 
that wood density of whole trees in black 
spruce would be satisfactorily predicted only 
from at least the first 12 annual rings at breast 
height. The same pattern of variation was 
found for the tree average ring width at dif- 
ferent ages from 3 to 30 and the whole tree 
ring width average (Fig. 4). The correlation 
0 8 
4 Whole tree weighted average 
-c Mature wood we~ghted average 
0 2  - 
0 7 
0 7 14 21 28 35 
Carnb~al age (years) 
FIG. 4. Correlation of weighted average ring width at 
different ages with weightcd ring widths of the whole trcc 
and mature wood in thc Victoriaville plantation. 
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i/' + Whole tree welghted average 
0- 
0 7 14 21 28 35 
Camblal age (years) 
' 1  + Whole tree welghted average 
08-1  
-c Mature wood welghted average 
0 
0 7 14 21 28 3!5 
Camblal age (years) 
Frc. 5. Correlation of individual annual ring densities FIG. 6. Correlation betwecn individual annual ring 
and dcnsitics of tho whole trec and thc rnaturc wood in widths and ring widths of the rnaturc wood and the whole 
thc Victoriavillc plantation. tree in thc Victoriaville plantation. 
increased with age to reach a plateau beyond 
the tenth annual ring. Accordingly, at least 10 
annual rings at breast height are needed to ob- 
tain a reliable prediction of the average growth 
rate in older trees. These results have some 
practical implications for both wood users and 
tree breeders. For wood users, they show that 
density and growth of the future wood supply 
could be assessed at a young age. If the ge- 
netic correlations for wood density and growth 
are in the same order and sign with phenotypic 
correlations, these results could significantly 
shorten a breeding cycle. However, for slow- 
growing trees such as black spruce, it takes 
almost 20 yr to reach 12 annual rings at breast 
height. This is still a long cycle, and other rap- 
id alternatives to assess wood density and 
growth at early ages should be investigated. 
Similar trends were found for the linear re- 
lationships between tree density and ring 
width at different ages (from 3 to 30) and the 
mature wood density (Fig. 3) and ring width 
(Fig. 4). Ages at which the leveling off started 
for mature wood weighted density (12 yr) and 
ring width (10 yr) were the same as that for 
the whole tree weighted averages. However, 
the correlations, were lower for weighted ma- 
ture wood averages. This was especially true 
for ring width where the coefficient of corre- 
lation had dropped drastically (Fig. 4). This irs 
likely due to the large physiological and en- 
vironmental influence on black spruce growth, 
especially in juvenile wood (Panshin and de 
Zeeuw 1980; Zobel and van Buijtenen 1989; 
Zobel and Jett 1995; Zobel and Sprague 
1998). The correlation coefficients for mature 
wood density were lower than those for whole 
trees (Fig. 2). In trees having 12 annual rings 
at breast height, the juvenile wood density ex- 
plained only 46% (R2) of the phenotypic var- 
iation of mature wood density (Table 5). These 
results are especially important for black 
spruce breeders since they show that early se- 
lection for mature wood density and growth 
may not pay off. 
Prediction of density and growth 
pe$ormance from individual annual rings 
Wood density (Fig. 5 )  and ring width (Fig. 
6) of early annual rings were not closely cor- 
related to those of either the mature wood osr 
the whole tree. Thus, the use of these characters 
at early ages for prediction or selection pur- 
poses would be misleading and should be 
avoided. In contrast, the whole tree density an~d 
ring width were closely correlated with those 
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of growth rings from the juvenile-mature wood 
transition zone (Koubaa et al. 1999). Accord- 
ingly, the density and ring width of the whole 
tree could be predicted with a fair degree of 
confidence from individual annual rings if these 
annual rings were taken from the juvenile-ma- 
ture wood transition zone. However, since these 
phenotypic correlations are only moderate, cau- 
tion should be taken in generalizing these re- 
sults for other species and other environments 
than those used in this study. 
Both mature wood density and ring width 
were closely correlated to those of annual 
rings from the mature wood zone (Figs. 5 and 
6). These results have some practical impli- 
cations regarding nondestructive evaluation of 
wood density and growth from small samples. 
For example, the use of instruments such as 
the pilodyn would be suitable in assessing ma- 
ture wood density in standing trees, as ob- 
served in white spruce (Micko et al. 1982). 
CONCLUSIONS 
Based on the present study, the following 
conclusions can be drawn: 
1. For juvenile to mature wood, ring density 
components were significantly and nega- 
tively correlated to their respective ring 
width components. Thus, large ring width 
and earlywood width led to low ring den- 
sity and earlywood density. However, 
latewood width was positively correlated 
to both ring density and latewood density. 
2. Except latewood proportion, the coeffi- 
cients of correlation of density and growth 
components with ring density tended to 
decrease with increasing tree age. Thus, 
the negative impact of ring width on ring 
density tends to disappear with the aging 
of the cambium. 
3. Significant correlations between juvenile 
and whole tree wood characters indicated 
that trees having at least 12 annual rings 
from the pith could be used to predict to 
a certain extent the wood characters of 
these trees at older ages. However, the 
correlations between juvenile and mature 
wood characters, although significant, 
range from low to moderate. Thus, using 
juvenile characters to predict mature 
wood ones could be misleading, especial- 
ly for selection and breeding purposes. 
4. Individual annual rings can be used to pre- 
dict wood density of either mature wood 
or the whole tree. However, these individ- 
ual rings should be sampled from the ju- 
venile to mature wood transition zone. 
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